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INTRODUÇÃO: A Epilepsia do Lobo Temporal (ELT) é a epilepsia focal mais comum em adultos e 
altamente associada à esclerose hipocampal (EH) e à farmacorresistência. Métodos modernos de 
neuroimagem têm demonstrado anormalidades extensas de substância branca (SB) e cinzenta (SC) com 
acometimento extratemporal. Entretanto, poucos estudos analisaram a associação entre essas alterações e o 
controle de crises. 
OBJETIVO: avaliar as alterações de neuroimagem funcional e estrutural em pacientes com ELT-EH de 
acordo com o controle de crises. 
MÉTODOS: analisamos as imagens de RM de pacientes com ELT-EH usando as metodologias de Resting-
State fMRI (RS-fMRI), Diffusion Tensor Imaging (DTI) and Surface-Based Morphometry (SBM). Na 
análise de RS-fMRI, nós dividimos os pacientes em 2 grupos (livre de crises e refratário). Nas análises de 
DTI e SBM, os pacientes foram divididos em grupos refratário, flutuante e livre de crises de acordo com seu 
padrão de controle a longo prazo. Um grupo controle composto por voluntários saudáveis sem patologias 
neurológicas foi selecionado para comparação de grupos. Análise estatística específica foi aplicada para cada 
tipo de imagem. 
RESULTADOS: Na análise de RS-fMRI, realizamos ANCOVA’s entre os grupos de pacientes e o grupo 
controle. Nós observamos conectividade funcional reduzida apenas no grupo refratário envolvendo 9 redes 
diferentes (p<0,05, correção de Bonferroni).  
Na análise de DTI, nós comparamos os valores de FA, MD, RD e AD de 7 tratos diferentes entre pacientes e 
controles (corpo caloso-CC e fórnix-FX, corticoespinhal-CST, cíngulo-CG, arqueado-ARC, uncinado-UNC e 
occipito-frontal-inferior-IFO). O grupo refratário apresentou FA reduzida no IFO e UNC ipsilateral, IFO, CG 
e ARC contralaterais e CC e FX; MD aumentada no CG, UNC e ARC ipsilaterais, IFO, CG e UNC 
 
 
contralaterais e CC e FX; e RD aumentada no IFO, UNC e ARC ipsilaterais, IFO, CG, UNC e ARC 
contralaterais e CC e FX. O grupo flutuante apresentou FA reduzida no CC, UNC ipsilateral e CG 
contralateral; MD aumentada no UNC e ARC ipsilaterais, CST contralateral, CC e FX; e RD aumentada no 
UNC e ARC ipsilaterais, CC e FX. O grupo livre de crises apresentou FA reduzida no CC, MD aumentada no 
IFO e UNC ipsilateral, CST contralateral, CC e FX e RD aumentada no IFO e UNC ipsilaterais, CC e FX.  
A análise de SBM revelou áreas extensas de redução de espessura cortical no grupo refratário, redução de 
girificação na ínsula e aumento de profundidade de sulcos na região do cíngulo, bilateralmente, nos grupos 
refratário e flutuante. Todos os grupos apresentaram pequenas áreas esparsas de aumento e redução de 
complexidade cortical envolvendo todos os lobos. 
CONCLUSÃO: pacientes com ELT-EH com crises refratárias apresentam mais anormalidades estruturais (SB 
e SC) e de conectividade cerebral que pacientes livres de crises. Modalidades de neuroimagem estrutural 
parecem melhor refletir dano cerebral crônico enquanto que RS-fMRI é um melhor parâmetro do atual estado 
de controle de crises. 
PALAVRAS-CHAVE: epilepsia do lobo temporal, neuroimagem, imagem por ressonância magnética, imagem 






INTRODUCTION: Temporal lobe epilepsy (TLE), the most common focal epilepsy in adults, is highly 
associated with hippocampus sclerosis (HS) and pharmacoresistance. Novel neuroimaging modalities have 
revealed widespread, extratemporal white matter (WM) and grey matter (GM) abnormalities. However, 
fewer studies have investigated the relationship between these alterations and seizure control. 
PURPOSE: to evaluate the functional and structural alterations in TLE-HS patients according to seizure 
control. 
METHODS: we analyzed the MRI images of TLE-HS patients followed in UNICAMP’s outpatient clinic 
using the Resting-State fMRI (RS-fMRI), Diffusion Tensor Imaging (DTI) and Surface-Based Morphology 
(SBM) methodologies. In the RS-fMRI analysis, we divided the patients in 2 groups (seizure-free and 
seizure-refractory). For the DTI and SBM analyses, patients were divided in refractory, fluctuating and 
seizure-free groups according to their long-term seizure control pattern. A control group composed of healthy 
volunteers without neurological disorder was selected for group comparisons. Specific statistical analyses 
were applied for each modality.  
RESULTS: We observed reduced connectivity, only in the refractory group involving 9 different networks 
(p<0.05, Bonferroni corrected), in RS-fMRI analysis. The ipsilateral hippocampus seemed to act as a hub of 
abnormal connectivity. 
In DTI analysis, we obtained and compared FA, MD, RD and AD values of 7 different tracts (corpus 
callosum-CC and fornix-FX, corticospinal-CST, cingulate-CG, arcuate-ARC, uncinate-UNC and inferior-
frontal-occipital-IFO) (p<0.05, Bonferroni corrected). The refractory group showed reduced FA in the CC, 
FX, ipsilateral IFO and UNC and contralateral IFO, CG and ARC tracts; increased MD in the CC, FX, 
ipsilateral CG, UNC and ARC and contralateral IFO, CG and UNC tracts; and increased RD in the CC, FX, 
 
 
ipsilateral IFO, UNC and ARC and contralateral IFO, CG, UNC and ARC tracts. The fluctuating group 
showed reduced FA in the CC, ipsilateral UNC and contralateral CG tracts; increased MD in the CC, FX, 
ipsilateral UNC and ARC and contralateral CST tracts; and increased RD in the CC, FX and ipsilateral UNC 
and ARC tracts. The seizure-free group showed reduced FA in the CC, increased MD in the CC, FX, 
ipsilateral IFO and UNC and contralateral CST tracts and increased RD in the CC, FX and ipsilateral IFO 
and UNC tracts.  
The SBM analysis revealed extensive areas of reduced cortical thickness in the refractory group as well as 
reduced gyrification of the insula and increased sulcal depth of the cingulate region bilaterally in the 
refractory and fluctuating groups. All groups showed small-scattered clusters of increased and reduced 
cortical complexity involving all lobes. 
CONCLUSION: TLE-HS patients with uncontrolled seizures present more structural (GM and WM) 
abnormalities than seizure-free patients. Patients with more recent seizures present more reduced 
connectivity than seizure-free patients. Structural neuroimaging modalities seem to better reflect chronic 
brain damage while RS-fMRI is a better measure of seizure-control current state. 
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Epilepsy – Definitions and Epidemiology 
Epilepsy is considered, after headache, the most common chronic neurologic condition worldwide by the 
World Health Organization. As a group, epileptic syndromes have an estimated lifetime prevalence of 7.60 
per 1,000 persons and an incidence rate of 61.44 per 100,000 person-years.1 Epilepsy is defined by the 
International League Against Epilepsy (ILAE) as: “a disorder of the brain characterized by an enduring 
predisposition to generate epileptic seizures, and by the neurobiological, cognitive, psychological, and social 
consequences of this condition”.2 In clinical practice, this diagnosis is given if an individual present one of 
the following: 
1. At least two unprovoked (or reflex) seizures occurring more than 24 hours apart; 
2. One unprovoked (or reflex) seizure and a probability of further seizures similar to the general recurrence 
risk (at least 60%) after two unprovoked seizures, occurring over the next 10 years;  
3. Diagnosis of an epilepsy syndrome.3 
Epilepsy is currently classified as focal, generalized, combined generalized and focal or unknown according 
to seizure type (focal, generalized or unknown onset) and underlying etiology (structural, genetic, infectious, 
metabolic, immune or unknown).3-4 Identifying the epilepsy type is helpful to determine prognosis and select 
the best treatment strategy for each patient.4 Most epilepsy cases are treated with anti-epileptic drugs 
(AED’s) to prevent recurring seizures.5-6 These are usually well tolerated, and two thirds of newly diagnosed 
epileptic patients reach complete seizure-freedom.7 However, frequent and severe side effects can be a 





Epilepsy patients who do not reach seizure-freedom (or at least a considerable reduction in seizure 
frequency) after two or more adequate AED’s trials are considered refractory or pharmacoresistant.9 This 
definition is due to a low probability of achieving seizure-freedom after the second trial.7 For these cases, 
other possible treatment options are ketogenic diet10-11 and epileptic surgery12, depending on the underlying 
etiology. 
Achieving seizure-freedom is an important goal, as shorter lifespan, variable degrees of cognitive deficits, 
psychological pathologies and worst quality of life are associated with active epilepsy.13-20,34 Consequently, 
this population conquers less educational milestones and are more frequently dependent on family and social 
care systems.21-23 
 
Temporal Lobe Epilepsy and Hippocampal Sclerosis 
Temporal Lobe Epilepsy (TLE) is the most common epilepsy type among adults.24 It is characterized by 
focal seizures with typical semiology and the presence of temporal spikes at the electroencephalogram.25 The 
most common anatomopathological abnormality found in patients with TLE is hippocampal sclerosis (HS) 
which is characterized by a selective neuronal loss at certain regions at Amon’s Horn.26 In the clinical 
practice, the presence of typical mesial temporal lobe seizures associated with specific neuroimaging 
abnormalities diagnose TLE.27-28 Those are the volume reduction and abnormal microstructure in the 
hippocampus in T1-weighted images and hyperintense signal in T2-weighted and FLAIR sequences.27 These 
image findings are collective denominated hippocampus atrophy.27 
About two thirds of TLE patients with HS present pharmacoresistant epilepsy.29 However, epilepsy surgery 
in unilateral HS has shown good results, with more than 60% of patients achieving post-operative seizure-






Novel neuroimaging methods in TLE-HS 
As previously stated, HS may present itself in MRI with typical hippocampal atrophy signs.27 However, a 
variety of modern neuroimaging techniques have also shown grey and white matter abnormalities beyond the 
temporal lobe.33 These alterations seem to be clinically relevant and have previously been associated with 
sex, lesion side, neuropsychiatric comorbidities and cognitive deficits.34-37 
These imaging techniques are structural or functional, according to the acquisition and post-processing 
methods used.38-39 Structural neuroimaging evaluates the physical structure of interest as seen in conventional 
computer tomography (CT) and conventional magnetic resonance imaging (MRI).38 On the other hand, 
functional neuroimaging studies are usually based on metabolism and blood-flow as in functional MRI, PET 
and SPECT.38 Since these neuroimaging modalities evaluate different aspects of the nervous system, they can 
be combined in order to draw a more precise picture of the brain’s organization and function. Moreover, 
multimodal neuroimaging has been proven useful in epileptic research as in clinical practice.38,40-41 
Therefore, we elected two structural (Diffusion Tensor Imaging – DTI and Surface-Based Morphometry - 
SBM) and one functional (Resting-State Functional MRI – RS-fMRI) neuroimaging methodology for this 
study. We will describe those in details, as follows. 
 
Diffusion Tensor Imaging 
Water diffusion and diffusion tensors 
Diffusion is the term used to describe the spontaneous movement of water molecules. A 3x3 matrix, 





movement. In this model, the diagonal elements represent diffusion coefficients in the three main axes (x, y 
and z) while the others show correlations of random motions between the pairs of main directions. 42-45 
The value of each tensor component is dependent on the measurement’s frame of reference. In MRI, we 
usually use the diffusion ellipsoid, a tridimensional representation of water diffusion in which the main axis 
is parallel to the principal diffusion direction. This allows us to determine the ideal frame of reference 
independent of the acquisition frame. 42-45 
The diffusion ellipsoid axes are defined by three vectors (Ꜫ1, Ꜫ2 and Ꜫ3). Each eigenvalue’s lengths are 
multiplied by its respective factor λ known as an eigenvalue. 42-45 In a completed unrestricted mean, water 
diffusion is usually isotropic. Moreover, the diffusion tensor can be defined by a matrix in which all non-
diagonal components are 0, and its diffusion ellipsoid will be a sphere. As we introduce restrictions to water 
movement, its diffusion becomes anisotropic (such as in the axon from neurons). In anisotropic diffusion, the 
ellipsoid’s main axis is usually is representative of physical or anatomical barriers, like blood vessels or 
axons bundles. 42-45 
Diffusion Tensor Imaging is a set of neuroimaging techniques that uses calculated eigenvectors and their 
respective eigenvalues to produce images. These allow us to make inferences about the diffusion properties 
of tissues. 42-45 
 
DTI acquisitions 
Image acquisition for DTI analyses is mostly based on a technique initially described by Stejskal and Tanner. 
It produces Diffusion Weighted (DW) images allocating diffusion-sensitizing gradients at each side of an 
180º pulse. These gradients do not affect the phases of stationary spins but cause moving spins to fall out of 





A typical DTI protocol will usually comprise multiple DW images, and one sequence with diffusion 
gradients turned off (b0) that serves as a baseline. These are acquired with diffusion gradients turned on with 
different strengths and different combinations. Post-processing of the b0 and source images produces 
different calculated maps from which different inferences can be made.47 
 Some examples of the most commonly used maps are the Trace, the Apparent Diffusion Coefficient Map 
(ADC map), the Principal Diffusion Direction map and the Fractional Anisotropy map. Moreover, it is 
possible to identify specific tracts through fiber-tracking techniques.47 
Identified tracts can be further analyzed, and parameters, which reflect their diffusion properties, can be 
extracted. Among those, the following are most relevant: 
● Mean Diffusivity (MD): mean of the three vectors that define the diffusion ellipsoid; 
● Radial Diffusivity (RD): mean of the two vectors not in the principal diffusion direction (anti-
parallel); 
● Axial Diffusivity (AD): vector in the principal diffusion direction; 
● Fractional Anisotropy (FA): a scalar value that reflects anisotropy’s degree and ranges from 0 to 1. 
The closer to 1 the more anisotropic the voxel is.47 
Image analyses in DTI research can use a voxel-wise approach, evaluate all available tissue, or make 
inferences about specific tracts. The chosen statistical analyses will depend on the research question, tools 
availability and the research team experience.47-49 
 
DTI analyses in TLE 
DTI studies in TLE have used different methodological approaches, analyzed different tracts and focused on 





deficits). These methodological differences compromise the comparisons of results and may generate 
conflicting conclusions between studies. 
Otte et al.50 performed a meta-analysis comprising 13 studies that evaluated white matter tracts in unilateral 
TLE. All included studies were cross-sectional and had a total of 218 subjects. The meta-analyses evaluated 
differences in FA and MD between TLE patients and controls in certain regions of interest (ROI’s) 
ipsilaterally, contralaterally or bilaterally to the lesion (p<0.05). The authors found reduced FA values in the 
anterior corpus callosum, cingulum, external capsule and uncinate fasciculi bilaterally, in the external capsule 
and uncinate fasciculi ipsilaterally and only in the uncinate fasciculi contralaterally. Reduced MD values 
were found in the anterior corpus callosum, cingulum, inferior longitudinal fasciculi and uncinate fasciculi 
bilaterally and in the cingulum, inferior longitudinal fasciculi and uncinate fasciculi ipsilaterally. 
Labate et al.51 evaluated FA and MD measurements of temporal white matter in refractory and benign TLE. 
86 patients were included from which 48 were considered benign (seizure-free for at least a year). In this 
study, the benign group presented significant higher FA and lower MD than the refractory group in both 
ipsilateral and contralateral temporal white matter (p<0.05). 
Liu et al.52 analyzed all four diffusion parameters (FA, MD, RD and AD) of a series of limbic (fornix and 
cingulum), commissural (corpus callosum), projection (cortical-spinal tract and internal capsule) and 
association tracts (uncinate, inferior and superior longitudinal and inferior-frontal-occipital) in 38 TLE 
patients with (23) and without HS (15). They found reduced FA values in at least sections of all tracts in the 
HS group while the non-HS group still had preserved FA in the cortical-spinal tract, uncinate fasciculi and 
superior longitudinal tracts. MD was increased in the cingulum, inferior-longitudinal and uncinate fasciculi, 
inferior-frontal-occipital tract and corpus callosum of the HS group and in the corpus callosum of the non-HS 
group. HS group cortical-spinal tract had a reduced AD. RD was increased in at least sections of all tracts in 





cingulum, inferior longitudinal fasciculi, inferior-frontal-occipital tract and corpus callosum. Level of 
statistical significance was 0.05. 
Campos et al.53 developed a DTI study, evaluating pre-operative HS and non-HS TLE patients and frontal 
epilepsy patients. The authors evaluated FA, RD and AD values of cingulum, inferior-frontal-occipital, 
uncinate and fornix in these groups of patients. It was observed statistically significant (p<0.05) FA reduction 
and RD increase in all evaluated tracts in the HS-TLE group but not in the other patient groups. Once again 
demonstrating that the underlying etiology is an important factor determining white matter integrity changes. 
Liu et al.54 evaluated the fornix in a series of 6 unilateral HS-TLE patients who were submitted to epilepsy 
surgery. Patients were submitted to MRI scans prior and 1-2 days after the procedure. They found an acute 
reduction of FA, MD, λ1 and λ2 in all patients, which was more accentuated in those with longer T2 time. The 
change was considered secondary to the Wallerian degeneration caused by the surgery. This study 
demonstrates that dynamic changes in white matter can be detected through DTI methodology. 
Yogarajah et al.55 also performed a pre- and postoperative longitudinal study using the voxel-wise method 
Tract-Based Spatial Statistics (TBSS) in unilateral HS-TLE patients. It included 46 patients (26 with left 
TLE). It found a postoperative reduction in FA values in tracts related to the temporal regions and increment 
in FA values in some fasciculi, that seemed related to the posterior cingulum and superior and inferior frontal 
gyrus. Thus, showing that the FA’s dynamic changes are not only possible, but can also occur as increments. 
However, the underlying basis for these changes is still unclear; one hypothesis is the white matter recovery”, 
after seizure-freedom, or compensation for the loss of temporally related tracts, as possible mechanisms. 
In summary, available data so far have established that HS-TLE patients present white matter integrity 
abnormalities compared to healthy subjects. These abnormalities seem to affect more frequently certain tracts 
(corpus callosum, cingulum, fornix, uncinate, inferior-frontal-occipital, superior and inferior longitudinal 





TLE patients also seem to present a worse white matter integrity pattern than other TLE etiologies. 
Moreover, it also seems that patients with more benign epilepsy may present fewer alterations than refractory 
patients. Dynamic changes in diffusion properties measured by DTI are possible and can happen as an 
increment or reduction of FA values. 
It is important to reinforce that available DTI studies are performed with methodological variability and 
frequently do not discriminate seizure-control patterns between groups. The vast majority of publications 
present a cross-sectional design, while very few are longitudinal studies. 
Considering all the previously stated, it remains unclear matters which are the underlying cause of the 
observed alterations (secondary to etiology or to frequent seizures); if these abnormalities are progressive; if 
they stabilize or even recover after a long time of seizure-freedom and whether different patterns of seizure-
control may correlate with the degree of abnormalities. 
 
Surface-Based Morphometry 
SBM is a set of neuroimaging techniques used to construct and analyze surfaces representing structural 
boundaries within the brain. It allows the determination of measurements as cortical thickness, gyrification, 
sulcal depth and fractal dimension.56-60 It comprises different methodologies as seem in FreeSurfer and 
CAT12, which can lead to slightly different results.61 
These techniques take into account that an inner surface (the boundary between grey matter and 
cerebrospinal fluid), an outer surface (the boundary between grey and white matter), and a central surface 
(average between inner and outer surfaces) define the brain cortex. The distance between the inner and outer 
surfaces defines the cortical thickness and the central surface is used to calculate the other three 







Image protocol for the CAT12 method (used in this study) requires a high-resolution T1-weighted image. 
This image is submitted to usual artifacts corrections and segmented into white matter, grey matter and 
cerebrospinal fluid (CSF). During the segmentation phase, brain hemispheres are separated, and the 
cerebellum and hindbrain excluded.56-58 
Afterwards, filling ventricles and subcortical regions, and a 0.5x0.5x0.5 mm3 interpolation is used, as 
thickness is inferior to 1mm. This is followed by estimating grey matter voxel’s distance to the inner surface, 
creating a white matter distance map (WMD). WMD values at the outer surface represent the grey matter 
thickness, and their projection back to the inner surface creates a grey matter thickness map (GMT). These 
two maps (WMD and GMT) are then used to create a percentage position map in which the 50% level will 
define the cortical surface. The above procedure is a denominated fiber-projection method.56-59 
To estimate local gyrification the cortical surface is used to calculate mean curvature (in radians or degrees) 
at several determined points along the surface. Calculating and smoothing of an absolute value for each 
region follow averaging values within a 3 mm distance. These “smoothed absolute mean curvature values” 
express the local amount of gyrification and are usually above zero.60 
Fractal dimension in CAT12 is obtained using a spherical harmonic approach. It calculates complexity 
finding the slope of a plot regressing log (area) versus log (max l-value), where l-value is the spherical 
coordinates’ degree after interpolation. CAT12 first calculates fractal dimension globally followed by local 







SBM analyses in TLE 
SBM analyses in TLE have been published manly with FreeSurfer and CAT12 methodologies. Studies have 
mostly focused on cortical thickness measurements. We could not find TLE patients’ analyses that explored 
fractal dimension, gyrification and sulcal depth. 
The ENIGMA-Epilepsy62 consortium published a FreeSurfer multicentric study with data from 2149 epilepsy 
patients of 14 countries. Among those, there were 764 subjects with HS-TLE (415 left and 339 right). Right 
HS-TLE patients showed reduced cortical thickness in four motor regions (bilateral paracentral and 
precentral gyri), in the left transverse temporal gyrus and right pars opercularis. Left HS-TLE showed 
reduced cortical thickness in six motor regions (bilateral paracentral and precentral gyri and bilateral 
precuneus), four frontal regions (bilateral superior frontal gyrus, right caudal middle frontal gyrus and right 
pars triangularis) and four temporal regions (left temporal polar cortex, left parahippocampal gyrus, left 
entorhinal gyrus and left fusiform gyrus). 
Caciagli et al.63 published a meta-analysis which included 42 papers (2188 patients) that analyzed 
progressive hippocampal and cortical atrophy in HS-TLE patients. Included papers used SBM, Voxel-Based 
Morphometry (VBM) or manual hippocampus volumetry methodologies and presented mostly cross-
sectional but also longitudinal designs. Nineteen studies evaluated progressive hippocampus atrophy 
(eighteen cross-sectional and one longitudinal) from which sixteen found significant progressive ipsilateral 
atrophy. Nine of those studies analyzed progressive contralateral hippocampus atrophy, which was 
significant in three of them. Moreover, 28 studies analyzed whole brain progressive atrophy (three 
longitudinal), which was detected in the mesial temporal regions (15/23 papers), lateral temporal regions 
(10/17 papers), extratemporal cortices (13/15 papers) and subcortical regions (15/16 papers). Overall, the 
authors found more prominently ipsilateral hippocampus atrophy in subjects with more frequent seizures and 





subcortical regions. However, heterogeneity of inclusion and exclusion criteria and methodologies serves as 
an important caveat for these conclusions. 
Galovic et al.64 evaluated cortical thinning in left (46) and right (36) TLE patients in a longitudinal study. 
Left HS-TLE patients showed a reduction in cortical thickness in the left fusiform, lingual, post-central and 
superior temporal gyri and left cuneus and precuneus (p<0.05, FDR corrected). Right HS-TLE patients 
showed reduction in cortical thickness in bilateral fusiform and lingual gyri and bilateral cuneus and 
precuneus (p<0.05, FDR corrected). In summary, in this cohort, HS-TLE patients presented progressive 
cortical thinning, which is ipsilateral and more extensive in left TLE and bilateral in right TLE. However, we 
did not separate patients’ groups by seizure control, which could impact the results. 
Benhardt et al.65 also developed a cortical thickness in HS-TLE patients with a cross-section and a 
longitudinal branch. Cross-sectional branch included 103 patients (left: 54 and right: 49) and showed mesial 
and superior lateral-frontal and parietal cortices (p<0.005). Longitudinal branch included 18 patients (left: 8 
and right: 10) and revealed progressive cortical atrophy in the ipsilateral temporal pole, besides the central 
and contralateral orbitofrontal, insular, and angular regions (p<0.005). Moreover, this study reinforces that 
TLE patients present extensive and progressive cortical atrophy compared to healthy subjects. However, 
groups were not separated by seizure control or by lesion side, which may influence the results. 
Labate et al.66 performed a cortical thickness analysis of benign HS-TLE (16) and non-HS-TLE (16) patients. 
HS-TLE patients showed extensive cortical thinning clusters that affected all lobes, more prominently in the 
sensorimotor cortex bilaterally (p<0.05). Non-HS-TLE patients showed a similar pattern but did not survive 
multiple comparisons correction. 
In summary, current data allow us to conclude that TLE patients present extensive cortical thinning areas 





patients also present progressive cortical atrophy. Etiology seems to be an important factor in determining 
cortical thinning, and HS-TLE patients seem to have worse cortical atrophy pattern than non-lesional TLE. 
However, methodological heterogeneity among publications (neuroimaging techniques, inclusion criteria) 
hampers comparisons between studies and, besides, current papers did not analyze patients according to 
seizure control pattern. Consequently, the impact of seizure control over cortical thinning in TLE patients 
remains unknown. 
Unfortunately, we could not find any publication that evaluated the remaining SBM measurements (fractal 
dimension, gyrification and sulcal depth) in TLE-patients. 
 
Resting-State functional-MRI 
Basic principles and hemodynamic response 
Brain metabolism uses the adenosine triphosphate molecule (ATP) as the primary energy source to perform 
its functions. Glycolytic oxygenation needs oxygen (O2) to produce ATP, generating carbon dioxide (CO2). 
Oxygen and carbon dioxide are carried out by hemoglobin through the blood flow in its two conformations 
(oxygenated hemoglobin: HbO2 and deoxygenated hemoglobin: Hb).
38,67-68 
Cognitive tasks in specific brain regions lead to increased metabolic uptake. The increased energy 
requirement causes a progressive consumption of local stores of oxygen and production of waste byproducts 
(CO2, NO, H
+). These molecules serve as chemical signs for vasomotor reactions with upstream dilatation 
that increase blood flow. 38,67-68 
The increment in blood flow compensates the transient oxygen deficit. However, extra delivered oxygen is 





task, there is a brief decrease of HbO2, followed by a Hb increase and after 2 seconds by significantly 
increasing HbO2 and a decrease of Hb. This behavior pattern is called the hemodynamic response. 
38,67-68 
 
Blood-Oxygenation Level Dependent Signal (BOLD) and fMRI acquisitions 
The dynamic oxygenation changes described above are the basis for the contrast used in fMRI. This occurs 
because HbO2 is diamagnetic and indistinguishable from brain tissue in an MRI scan. However, Hb is 
paramagnetic due to its four unpaired electrons. This characteristic leads to endogenous and local magnetic 
field gradients that depend upon the Hb concentration. These gradients create the fMRI contrast, called 
blood-oxygenation level dependent signal or BOLD signal. 38,67-68 
In fMRI, the BOLD contrast occurs through 2 mechanisms: 
● Intravoxel dephasing: causes loss of T2*-weighted signal and is more prominent near large blood 
vessels. Its effect increases linearly with magnetic field strength and is better seem in gradient 
recalled echo imaging (GRE); 
● Diffusion of spins: causes loss of T2-weighted signal and is more prominent in capillaries. Its effect is 
proportional to the magnetic field strength square and is better detected in spin-echo sequences (SE). 
38,67-68 
As a consequence of these mechanisms, BOLD signal in 1.5T and 3T MRI scans is mainly provided by T2* 
contrast and focused on venules. T2 contrast becomes predominant at higher magnetic fields, reflects 
capillaries and brain tissue and has a higher spatial resolution. Consequently, GRE and SE sequences both 
have advantages and disadvantages depending on MRI field strength and research objectives. 38,67-68 
fMRI analyses are based on the dynamic changes observed in BOLD signal over time. So, to appraise these 





then be extracted from each voxel from each time-series image. This BOLD signal variation allows us to 
make inferences about local brain blood flow and metabolism in different states (sleep and awareness) and in 
contrasting conditions (task and rest). 38,67-68 
Results from fMRI acquisitions are submitted to statistical analyses aimed at specific hypothesis. The 
hypothesis and statistical tests applied are directly related to the fMRI experimental design. Brain 
connectivity is the base of most fMRI experimental designs. 38,67-68 
 
Brain connectivity and fMRI experimental designs 
 The term brain connectivity is used for three different concepts: 
● Structural connectivity: physical tracts that connect cortical regions; 
● Functional connectivity: statistical dependencies between spatially remote neurophysiological events; 
● Effective connectivity: the influence the one neural node exerts over another.38,69 
Structural connectivity is studied through neuroanatomical and structural neuroimaging studies. On the other 
hand, functional and effective connectivity are studied through functional studies like 
electroencephalography and fMRI. There are two main designs for fMRI studies, usually known as task-
related fMRI and resting-state fMRI. 38,69 
In task-related fMRI, BOLD signal variation data are compared against brain function hypothesis model 
based on a cognitive task performed during the acquisition (e.g. finger tapping). The hypothesis is tested for 
each voxel resulting in a map of brain regions that respond to the task. Tasks usually consist either of a 
sensory stimulus or a specific behavior the subject must perform on cue. Both cases require a behavior 
modulation in their designs (experimental state and control state), which can be organized as “Block Trial”, 





Task-related fMRI experiments allow us to identify remote brain regions which present metabolic uptake 
associated with specific behaviors. This joint metabolic uptake infers these regions are functionally 
connected and, therefore, constitute a network. Functional networks have been associated with many tasks 
and behaviors like motor tasks, memory, hearing, executive functions, among others.38,67-71 
On the other hand, RS-fMRI allows us to evaluate brain areas in which the BOLD signal fluctuation are 
temporally synchronized. It implies they are functionally connected, working as nodes in a network. During 
acquisition, subjects are requested to remain still and avoid mentation. Since there is no timing information to 
model the temporal fluctuations of BOLD signal, it is necessary to choose among certain analyses types to 
assess the data. 38,67-68 
The most common approaches applied in RS-fMRI are the following: 
● Seed-voxel based analyses: extraction of a specific seed time series and followed by the estimation of 
its synchrony to the other brain voxels; 
● Data-driven or model-free methods: an approach that does not require a priori hypothesis. The most 
common techniques are the independent component analysis (ICA) and the principal component 
analysis (PCA); 
● ROI-to-ROI analyses: parcellates the brain into function homogeneous ROI’s and proceeds to make 
pairwise functional correlations. Functional atlas may help to define functional ROI’s.38 
As in its task-related counterpart, RS-fMRI allows us to define networks, which, in this case, are related to 
resting. The most prominent RS network is the Default Mode Network (DMN) comprising the hippocampus, 
precuneus, posterior cingulate cortex and medial prefrontal cortex. These networks are not active when the 






fMRI analyses in TLE 
TLE has been the subject of many fMRI studies in the past. Task-related fMRI studies have mostly focused 
on assessing of memory networks and their correlations with neuropsychological deficits and post-surgical 
memory decline. On the other hand, RS-fMRI studies have covered functional connectivity abnormalities 
associated with medication, etiology, laterality and surgical outcome. 
Waits et al72 performed a RS-fMRI seed-based analysis of left-TLE patients with seeds located in the inferior 
middle frontal gyrus, left middle frontal gyrus and in the anterior and posterior cingulate cortices. Results 
showed different patterns of decreased functional connectivity between the four seeds as well as with the 
angular gyrus and occipital region. On the other hand, analysis with seeds in the inferior frontal gyrus and the 
anterior cingulate cortex showed increased connectivity between these regions and the posterior cingulate 
cortex. 
Bettus et al73 analyzed left and right TLE patients in a RS-fMRI analysis using 10 seeds in the mesial 
temporal regions (anterior and posterior hippocampi, amygdala, entorhinal cortex and temporal pole). They 
observed a connectivity decrease between ipsilateral anterior and posterior hippocampal regions and an 
increase in the contralateral side. 
Zhang et al74-75 performed a series of RS-fMRI studies using an ICA methodology. They observed that the 
dorsal attention, visual and auditory networks showed decreased functional connectivity in TLE patients 
while the somatosensory network seemed preserved. They also used T-tests to compare DMN components 
identified by ICA, which showed decreased connectivity in the mesial prefrontal and inferior temporal 
cortices with different patterns according to lesion side.74-75 
Pereira et al76 analyzed hippocampal connectivity with seed-based fMRI in right and left TLE with seeds in 





bilaterally with ipsilateral hippocampus while the contralateral seed showed reduced connectivity manly with 
other mesial temporal regions. Right-TLE showed only reduced connectivity between ipsilateral 
hippocampus and bilateral mesial temporal regions. This study demonstrated the right and left TLE present 
different patterns of RS-fMRI abnormalities. 
A study by Liao et al77 which combined RS-fMRI and DTI analyzed the functional connectivity between 
DMN regions in TLE patients. They observed reduced connectivity only between the mesial temporal 
regions bilaterally and the precuneous/posterior cingulate gyrus. However, the study only performed 3 
pairwise comparisons, which would not expose all DMN connections for analysis. 
A small study by Morgan et al78 using a data-driven model-free technique analyzed RS-fMRI of 5 left-TLE 
patients. They found reduced connectivity between the hippocampus and thalamus, precentral and postcentral 
gyri and inferior parietal regions. However, neither of these finding survived FWE correction. 
In another study by the same group,79 connectivity between hippocampi was analyzed in 19 TLE patients (13 
left and 6 right) and its association with epilepsy age of onset and duration. The study showed cross-
hippocampi connectivity was most disrupted in patients with shorter epilepsy duration and that it increased 
linearly after a 10-year period. The study showed found no correlation between cross-hippocampi 
connectivity and age of onset. 
Haneef et al80 performed a seed-based analysis in TLE patients (11 right and 13 left) with seeds in the 
precuneous, mesial-ventral prefrontal cortices which are recognized components of the DMN. Results 
obtained from the precuneous seed showed reduced connectivity with the anterior components of the DMN 
in both right and left TLE. Right TLE patients also had reduced connectivity with the right temporal region 
and posterior components of the DMN while left TLE also showed increased connectivity with the opercular 





components in the left TLE group. In summary, the analysis showed that left and right TLE patients present 
different patterns of DNM connectivity abnormalities. 
The same research group also performed another seed-based analysis81 in the same patient sample with seeds 
placed in the right and left hippocampi. The combined analysis of left and right TLE patients revealed an 
extensive pattern of reduced connectivity that included different DMN components, insula and the 
sensorimotor cortices. Increased connectivity was also observed in a variety of cortical and subcortical 
regions. Separated analysis revealed that the abnormalities were more prominent in left TLE. 
Pittau et al82 analyzed the RS-fMRI images of 23 TLE patients (16 right and 7 left) using a seed-based 
methodology with 4 manually segmented seeds (hippocampi and amygdala). They showed that the worse 
pattern of functional connectivity was obtained with the ipsilateral hippocampal seed that revealed reduced 
connectivity with contralateral mesial temporal structures, DMN and ventro-mesial limbic prefrontal 
structures. Amygdala seeds showed reduced connectivity with hippocampus and the contralateral 
hippocampus seed revealed decreased connectivity with the atrophic hippocampus. This analysis 
demonstrated that the ipsilateral hippocampus is an important component of functional connectivity 
dysfunction in TLE. 
A multimodal study by Voets et al83 analyzed the RS-fMRI and DTI images of 35 TLE patients (19 left and 
16 right) using an ICA methodology. Their results revealed reduced connectivity between the ipsilateral 
temporal cortices and anterior DMN in left TLE. Right TLE patients showed reduced connectivity between 
the right hippocampus and the left lateral temporal cortex and medial DMN and between the frontal cortices 
and the sensorimotor network. Multimodal analysis showed a positive correlation between FA values and 
regions of reduced connectivity in left TLE and a negative correlation in right TLE. 
James et al84 performed a ROI-to-ROI analysis of the DMN components (10 ROI’s) in 15 TLE patients using 





both hippocampus in left TLE and between the posterior cingulate gyrus and right hippocampus in right TLE. 
These differences between left and right TLE abnormalities could be at least partially due to the fact that the 
left hippocampus is involved in a more extensive network which includes more regions in both hemispheres. 
Doucet et al85 performed a seed-based analysis with seeds in both hippocampi in a group of 21 unilateral HS-
TLE patients (9 left and 12 right) and also evaluated the correlation between abnormal connectivity and 
verbal / visual memory scores. Their results showed different patterns of reduced connectivity in left and 
right TLE which were more extensive when the seed was placed in the ipsilateral hippocampus and which 
included different DMN components. A positive correlation was found between visual memory and the non-
pathologic seed in right TLE and a negative correlation between verbal (logic) memory and the pathologic 
hippocampus. 
Macotta et al86 analyzed the RS-fMRI images of 32 TLE patients (20 left and 12 right) through both ROI-to-
ROI and seed-based methodologies that used ROI’s provided by FreeSurfer segmentation (bilateral 
hippocampus, parahippocampus, amygdala, fusiform gyrus, insula and inferior, middle and superior temporal 
giry). The combined results of these methods showed reduced connectivity between the mesial temporal 
ROI’s and other temporal medial structure and their contralateral counterparts. Besides, increased 
connectivity was observed between insula and subcortical regions. 
Burianová et al87 analyzed the DMN, the sensorimotor network and the dorsal attention network using the 
EEG-fMRI images of 15 MTLE patients. Seeds were respectively placed in the posterior cingulate cortex, 
insula and intraparietal sulcus considering anatomical parameters. Their results showed decreased 
connectivity in the prefrontal regions and increased in subcortical areas. More importantly, it also 
demonstrated different patterns of functional connectivity reduction between the pre-spike, spike and post-





In summary, current literature suggests that RS functional connectivity is impaired in TLE patients. The 
pattern of abnormalities seems to depend on lesion side and be more extensive in left TLE. Different resting 
networks were shown to be affected, including the DMN and dorsal attention network. Methodological 
variability and the inclusion of distinct pathologies (HS and non-lesional) in study samples are frequent 
caveats in RS-fMRI analysis. Unfortunately, we could not find studies that analyzed TLE patients with 
different seizure control patterns in this modality, even though there is evidence that interictal spikes can 
affect RS connectivity. 
 
SUMMARY OF LITERATURE REVIEW 
Neuroimaging studies are classically divided between structural and functional. Both modalities have been 
extensively used to investigate many brain pathologies, including TLE. 
DTI studies have revealed that TLE patients show widespread tract integrity loss on the structural branch. It 
seems to be more prominent depending on the side (ipsilateral to the lesion), etiology (HS) and seizure-
control (refractory patients). These abnormalities also seem to present dynamic changes but whether this 
represents worsening/recovery pattern overtime or a compensatory mechanism is still unclear. 
SBM studies have also shown that TLE patients present widespread and bilateral cortical thinning regions. 
Some longitudinal studies suggest that these abnormalities are progressive. Furthermore, HS-TLE patients 
also seem to present more severe alterations than non-lesional subjects. 
Regarding to functional studies, RS-fMRI has shown abnormal connectivity patterns in many resting 
networks (DMN, auditory, and sensorimotor). The abnormal patterns are more common in the form of 





fMRI studies have shown reduced functional connectivity in regions related to the DMN related to the 
interictal activity (spikes). 
Overall, functional and structural studies have suggested that TLE is associated with widespread 
abnormalities beyond the mesial temporal structures. They suggest these alterations suffer dynamic changes 
over time and that benign-epilepsy is associated with lesser brain abnormalities. Additionally, EEG-fMRI 
studies suggest an association between interictal spikes and “deactivation of the resting state networks. 
It all leads us to hypothesize that uncontrolled seizures and interictal activity may be related to the structural 
and functional abnormalities reported. However, very few studies have analyzed patients with partial and 
complete seizure control. Therefore, we performed a multimodal study to investigate HS-TLE patients 
















Temporal Lobe Epilepsy is a common epilepsy type associated with many structural and functional 
neuroimaging abnormalities. Most neuroimaging studies have focused on refractory TLE, and very few have 
investigated subjects with partial and total seizure-control. Consequently, we still do not know if there are 
any associations between the reported alterations and seizure-control. 
It is still unclear whether these brain abnormalities are reversible when seizure-freedom is reached. 
Moreover, it is uncertain if the dynamic functional abnormalities and the structural changes detected in 

















TLE is an important form of epilepsy, and better characterizing it may lead to improvements in clinical 
management. These may come in the form of better assessment of cognitive functions, risk of decline, early 





















● To describe differences in structural and functional MRI in TLE patients according to seizure-control; 
Specific Objectives: 
● RS-fMRI – to identify different patterns of abnormal brain connectivity in patients with and without 
seizure control; 
● DTI (WM) – to compare patterns of white matter changes (reduction of white matter microstructural 
integrity) in patients with refractory seizures, fluctuating pattern and total seizure control; 
● SBM (CORTICAL – GM) – to identify cortical atrophy regions and other surface abnormalities 














We performed DTI, SBM and RS-fMRI analyses with images from patients followed at UNICAMP`s 
epilepsy outpatient clinic. All included subjects were diagnosed with temporal lobe epilepsy due to typical 
seizure semiology and the presence of temporal spikes and temporal seizure at the electroencephalogram 
(EEG). All image acquisitions were either pre-surgical or from non-surgical candidates. 
We only included patients that presented signs of unilateral hippocampus atrophy at 3T MRI scan. Patients 
that could not undergo MRI scan presented bilateral abnormalities, dual pathology or negative MRI were 
excluded. 
Demographic and clinical data were collected from medical records. The latter included each subject`s 
seizure frequency during their respective follow-up. We used those to classify the subjects into three groups 
according to their seizure control pattern. 
Classifying groups for structural neuroimaging analyses (DTI and SBM) were refractory (subjects presented 
at least one seizure per year), fluctuating (subjects presented at least 12 months without seizures followed by 
recurrence) and seizure-free (subjects had no recurrence after achieving seizure-freedom). These were based 
on the classification used by Choi et al.88 We only considered data previous to epilepsy surgical procedures. 
Classifying groups for RS-fMRI analyses were refractory (subjects had seizures in the 12 months prior to the 
scan) and seizure-free (subjects had no seizures in the 12 months prior to scan). 
We also included images from healthy control subjects for comparisons. Those had no known neurological 






Table 1. Clinical Data for DTI, SBM and RS-fMRI groups 












Control 129 52 (23-80) - - 73 - - - 
Refractory 54 48.5 (24-82) 10 (0-34) 40 (4-75) 31 31 27 (50%) 10 
(18.5%) 
Fluctuating 36 51.5 (32-72) 9.5 (1-40) 40 (13-58) 22 19 20 (55.6%) 5 (13.9%) 
Seizure-Free 13 52 (23-66) 11 (2-32) 38 (3-64) 6 9 5 (38.5%) 1 (7.7%) 
p  0.51 0.77 0.99 0.65 0.59 0.57 0.59 
 












Control 214 47 (23-82) - - 142 - - - 
Refractory 88 50 (25-81) 9 (0-51) 43 (4-74) 57 48 38 (43.7%) 14 
(16.1%) 
Fluctuating 68 51 (22-75) 9.5 (0-50) 38 (10-62) 44 35 31 (45.6%) 8 (11.8%) 
Seizure-Free 24 51.5 (26-68) 10.5 (1-62) 35.5 (5-65) 14 13 11 (45.8%) 3 (12.5%) 
p  0.06 0.46 0.33 0.79 0.93 0.97 0.73 
         












Control 69 49 (23-76)   49    
Refractory 52 49 (24-73)   31    
Seizure-Free 32 50 (26-66)   17    
p  0.832   0.24    
 
 
This study underwent approval from the University of Campinas ethics committee, and all subjects signed 
informed consent before study inclusion. Demographic data from the subjects of each analysis are displayed 








For SBM and DTI analyses, we used images acquired in a 3 Tesla Achieva-Philips MRI scanner at the 
University of Campinas. Our regular epilepsy protocol includes T1 and T2-weighted images in 3 planes, 3D 
high-resolution T1 and T2-weighted images, FLAIR in axial and coronal planes, 3mm coronal Inversion 
Recovery T1-image and DTI sequences. For SBM and DTI analyses, we selected the following sequences: 
● Structural images: isotropic T1-weighted images, voxel size: 1x1x1 mm, TE = 3.2 ms, TR = 7 ms, 
matrix = 240x240x180, flip angle = 8 and FOV = 240x240mm2; 
 
● Diffusion weighted (DW) images: single-shot spin-echo planar image (EPI) sequence with sensitizing 
gradients in 32 directions, 70 axial slices, TR = 8500 ms, TE = 61 ms, b-factor = 1000 s/mm2, 
acquisition voxel size = 1x1x2 mm, matrix = 256x256x70 and FOV = 240x240mm2; 
 
● fMRI images: echo-planar images (EPI) acquired on axial plane with voxel dimensions of 3x3x3 
mm3, 39 slices without gap, matrix = 80x80, flip angle = 90°, TR = 2 s, TE = 30 ms, 180 dynamics. 
 
DTI processing 
Images were processed with the software ExploreDTI (http://www.exploredti.com/) run on MATLAB. 
Initially, DICOM files were converted to single 4D Nifti files and submitted to signal drift and Gibbs Ringing 
correction. Afterwards, DW images are co-registered to the high-resolution T1-weighted image and go 
through the motion, EPI distortions and eddy currents correction. 
Tensors calculation was performed for the whole brain by DTI and fiber tracking through a semi-automated 





T1-weighted images of healthy Brazilian volunteers where we manually draw our regions of interest (ROI).  
Subjects` non-DW images (b=0 s/mm2) were registered to the template through an affine transformation, and 
its seeding, target and exclusion areas were copied to each brain. We used those to determine voxels for seed 
points and fibers included/excluded in fiber tracking. We applied a seed point resolution = 1x1x1 mm, 
minimal FA threshold = 0.2, minimal FA tracking threshold = 0.2, angle threshold = 30 and minimal fiber 
length = 40 mm. 
The average values of fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD) and axial 
diffusivity (AD) were calculated individually for each hemisphere in five tracts (cortical-spinal, cingulum, 




SBM analyses were performed with the SPM12 toolbox CAT12 (http://www.neuro.uni-jena.de/cat/) run on 
MATLAB. Initially, T1-weighted images were submitted to the conventional CAT12 preprocessing pipeline 
that includes normalization to template space, segmentation into grey matter (GM), white matter (WM), 
cerebral spinal fluid (CSF) and smoothing. Afterwards, we performed cortical thickness estimation with 
Dahnke et al. projection-based thickness methodology, which also gives us the central surfaces. The latter 
was then used to extract additional surface parameters (fractal dimension, gyrification and sulcal depth). We 
performed group comparisons for each of the four maps with separated full factorials using sex and age as 








fMRI images were processed using the SPM12 software (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) 
run on MATLAB (https://www.mathworks.com/products/matlab.html). We also used the uf2c toolbox 
(https://www.lniunicamp.com/uf2c) developed at the University of Campinas. 
During preprocessing, images were submitted to realignment, co-registration to structural image (T1-
weighted), normalization (MNI-152), segmentation into GM, WM and CSF and smoothing (kernel = 6x6x6 
mm3 at FWHM). We also regressed out head motion parameters (three translational and three rotational) and 
applied band-pass filter (0.008–0.1 Hz). 
For the analyses, we flipped the images of with right-HS patients so all patient lesions were on the left side. 
We also flipped the same number of control images. 
We performed a ROI-to-ROI analysis. On the first level, we defined ROIs based on a functional parcellation 
process described by Shier et al. with modifications. A total of 70 ROI’s belonging to 12 different networks 
(Table 2). ROI’s BOLD signal time-series were extracted from each voxel. Voxels time-series were then 
used to generate an average time-series for each ROI. We obtained cross-correlation matrices through 








Table 2. Number of seeds by Network in ROI-to-ROI analysis 
Network (code) Number of seeds Network (code) Number of seeds 
Anterior Salience (1) 5 Right ECN (7) 5 
Posterior Salience (2) 10 Auditory (8) 2 
Basal Ganglia (3) 4 Visual (9) 3 
Dorsal DMN (4) 9 Language (10) 6 
Ventral DMN (5) 9 Sensorimotor (11) 4 
Left ECN (6) 5 Visuospatial/Dorsal Attention (12) 8 
 
During second-level analyses, we performed a MANCOVA with FDR correction (alpha = 0.0375) to 
compare intra- and inter-network connectivity between the refractory group and control group and between 







DTI analyses – descriptive data 
 
Median age was 52 years old in the control group and 48.5, 51.5 and 52 years old in the refractory, 
fluctuating and seizure-free groups respectively. There was a small predominance of females in all groups: 
56.6% in the control group and 57.3% in the patients’ groups. We found no significant difference in age 
(p=0.51) and sex (x2=0.87, df = 2, p=0.65, Cramer`s V = 0.09) distribution between the groups. 
Left-sided lesions were more commonly seen in all patients` groups (57.3%). There was no significant 
laterality difference among groups (x2=1.06, df=2, p = 0.59, Cramer`s V = 0.1). Median age of onset was 
respectively 10, 9.5 and 11 years old in the patients` group, while median epilepsy duration was 40 years in 
the refractory and fluctuating groups and 38 in the seizure-free group. We found no significant differences 
between groups for age of onset (p=0.77) and epilepsy duration (p=0.98). We found that 50.5% of all patients 
had a family history of epilepsy and 15.5% had a personal history of febrile seizures. There was no 
significant difference between groups for either family history (x2=1.13, df=2, p=0.57, Cramer`s V = 0.11) or 
febrile seizures (x2=1.05, df=2, p=0.59, Cramer`s V = 0.1). 
DTI analyses – parameters data 
 
We found in the combined analyses significantly reduced FA values in corpus callosum and fornix of the 
patients` groups, F (6, 426) = 8.42, p<0.001; Wikis` Lambda = 0.8; partial eta squared = 0.11. When analyzed 
separately, we observed decreased FA in corpus callosum for all patient control groups. Fornix, on the other 
hand, presented statistically significant reduced FA values only in the refractory group (Table 2). 
Bilateral tracts analyses revealed significant differences in FA values between tracts (Wilks`s Lambda = 0.16, 
F (4, 174) = 0.16, p<0.001, partial eta squared=0.84) and significant interactions between tracts × laterality 





laterality  (Wilks`s Lambda = 0.87, F (12, 461) = 2.06, p=0.02, partial eta squared=0.04). When compared 
separately, we observed reduced FA values in the refractory group for the ipsilateral IFO (p=0.006) and 
uncinated tracts (p=0.015) and contralateral cingulum (p<0.001), arcuate (p=0.017) and IFO (p=0.041) tracts. 
Fluctuating group presented reduced FA values for the ipsilateral uncinated tract (p=0.011) and contralateral 








Table 3. FA values by group (mean and SD) 
 Controls Refractory p Fluctuating p Seizure-Free p 
Corpus Callosum 0.684 ± 0.393 0.646 ± 0.445 <0.001 0.653 ± 0.442 0.001 0.646 ± 0.539 0.018 
Fornix 0.443 ± 0.064 0.392 ± 0.519 <0.001 0.419 ± 0.072 0.323 0.416 ± 0.043 0.876 
Ipsilateral CST 0.589 ± 0.372 0.582 ± 0.038 1.000 0.585 ± 0.039 1.000 0.595 ± 0.045 1.000 
Contralateral CST 0.587 ± 0.045 0.57 ± 0.04 0.186 0.579 ± 0.04 1.000 0.597 ± 0.042 1.000 
Ipsilateral Cingulum 0.545 ± 0.083 0.529 ± 0.084 1.000 0.524 ± 0.098 1.000 0.549 ± 0.107 1.000 
Contralateral Cingulum 0.566 ± 0.077 0.487 ± 0.087 <0.001 0.506 ± 0.1 0.013 0.509 ± 0.084 0.36 
Ipsilateral Arcuate 0.513 ± 0.053 0.495 ± 0.048 0.29 0.486 ± 0.046 0.131 0.497 ± 0.064 1.000 
Contralateral Arcuate 0.515 ± 0.061 0.484 ± 0.051 0.017 0.527 ± 0.043 1.000 0.531 ± 0.066 1.000 
Ipsilateral IFO 0.54 ± 0.05 0.511 ± 0.038 0.006 0.53 ± 0.059 1.000 0.502 ± 0.04 0.219 
Contralateral IFO 0.537 ± 0.051 0.512 ± 0.052 0.041 0.521 ± 0.04 0.997 0.52 ± 0.07 1.000 
Ipsilateral Uncinate 0.45 ± 0.05 0.412 ± 0.047 <0.001 0.414 ± 0.053 0.011 0.403 ± 0.038 0.063 













MD values for corpus callosum and fornix were significantly different between the patients` groups and 
controls, F (6, 426) = 10.56, p<0.001, Wilks` lambda = 0.76, partial eta squared = 0.13. When results were 
analyzed separately, we observed significant increased MD in corpus callosum of all patient`s groups 
and in the fornix of refractory and fluctuating groups (Table 4). 
In the analyses of bilateral tracts, we observed significant differences between tracts, Wilks`s lambda = 
0.22, F (4, 175) = 156.4, p<0.001, partial eta squared = 0.78, and the interactions between tracts and 
groups, Wilks`s lambda = 0.79, F (12, 463.3) = 3.62, p<0.001, partial eta squared = 0.09. When analyzed 
separately, the refractory group showed decreased MD values in the cingulum (p=0.005), arcuate 
(p=0.001), IFO (p=0.001) and uncinate (p<0.001) tracts. The fluctuating group showed reduced MD in 
the uncinate tract (p=0.001) and the seizure-free group in the cortical-spinal (p=0.02) and uncinate tracts 
(p=0.012) (Table 4). 
Even though the triple interaction (groups × tracts × laterality) was not statistically significant for MD 
(Wilks’s Lambda=0.9, F (12, 463.3) = 1.52, p=0.11, partial eta squared=0.03). When analyzed individually, 
the refractory group presented increased MD in the ipsilateral cingulum (p=0.04), arcuate (p<0.001), 
IFO (p=0.01) and uncinate (p<0.001) tracts and contralateral cingulum (p=0.016), IFO (p=0.023) and 
uncinate (p<0.001) tracts. Fluctuating group revealed increased MD values in the ipsilateral arcuate 
(p=0.042) and uncinate (p=0.003) tracts and contralateral CST (p=0.031). Seizure-Free group presented 




Table 4. MD values by group (mean and SD) and results from pairwise comparisons 
 Controls Refractory p Fluctuating p Seizure-Free p 




<0.001 0.000859 ± 
0.0000622 
<0.001 0.000842 ± 
0.000063 
0.016 




<0.001 0.00147 ± 
0.000217 
0.004 0.0014 ± 
0.000158 
1.000 




0.112 0.000699 ± 
0.0000282 
1.000 0.000718 ± 
0.0000258 
0.049 




1.000 0.000714 ± 
0.0000355 
0.031 0.000716 ± 
0.0000319 
0.192 




0.04 0.000739 ± 
0.0000463 
0.366 0.000745 ± 
0.000046 
0.536 




0.016 0.000731 ± 
0.0000437 
1.000 0.00072 ± 
0.0000427 
1.000 




<0.001 0.000757 ± 
0.0000442 
0.042 0.000745 ± 
0.0000271 
1.000 




0.196 0.000745 ± 
0.0000396 
1.000 0.000747 ± 
0.0000346 
1.000 




0.001 0.000775 ± 
0.0000451 
0.589 0.000803 ± 
0.000412 
0.022 




0.023 0.000775 ± 
0.0000383 
0.337 0.000773 ± 
0.00004 
1.000 




<0.001 0.000805 ± 
0.0000449 
0.003 0.000818 ± 
0.0000329 
0.007 




<0.001 0.000792 ± 
0.0000372 









Table 4b. MD values by group (mean and SD).  
 Controls Refractory p Fluctuating p Seizure-Free p 




0.245 0.000707 ± 
0.000005 
0.134 0.000717 ± 
0.00000742 
0.023 




0.01 0.000735 ± 
0.00000833 
0.657 0.000732 ± 
0.00000124 
1.000 




0.002 0.000751 ± 
0.00000736 
0.326 0.000746 ± 
0.0000113 
1.000 




0.002 0.000775 ± 
0.00000895 
0.343 0.000788 ± 
0.0000133 
0.128 




<0.001 0.000798 ± 
0.00000792 













In regards to RD values, we found significantly differences in the corpus callosum and fornix between 
patient`s groups and the control group, F (6, 426) = 11.20, p<0.001, Wilks` lambda = 0.75, partial eta 
squared = 0.14. When evaluated separately, we observed significantly increased RD values for corpus 
callosum of all groups and for fornix in the refractory and fluctuating groups (Table 5). 
We also observed significant differences in the bilateral tracts analyses between tracts, Wilks` lambda = 
0.14, F (4, 176) = 270.82, p<0.001, partial eta squared = 0.86, and in the triple interaction (groups × tracts × 
laterality), Wilks` lambda = 0.83, F (12, 466) = 2.79, p = 0.001, partial eta squared = 0.06. In the individual 
analyses, we observed significantly increased RD in the refractory group for the ipsilateral arcuate 
(p<0.001), IFO (p<0.001) and uncinate (p<0.001) tracts and contralateral cingulum (p<0.001), arcuate 
(p=0.04), IFO (p=0.003) and uncinate (p<0.001) tracts. Fluctuating group had increased RD values in 
the ipsilateral arcuate (p=0.014) and uncinate (p=0.001) tracts. The seizure-free group presented 




Table 5. RD values by group (mean and SD) 
 Controls Refractory p Fluctuating p Seizure-
Free 
p 




<0.001 0.000479 ± 
0.0000646 
<0.001 0.000476 ± 
0.0000713 
0.002 




<0.001 0.001114 ± 
0.0002304 
0.01 0.001064 ± 
0.0004539 
1.000 




0.198 0.000441 ± 
0.0000333 
1.000 0.000455 ± 
0.0000487 
0.365 




0.155 0.000452 ± 
0.0000365 
0.219 0.000441 ± 
0.0000304 
1.000 




0.497 0.000498 ± 
0.0000733 
0.933 0.000483 ± 
0.0000703 
1.000 




<0.001 0.000492 ± 
0.0000538 
0.201 0.000491 ± 
0.0000495 
0.84 




0.002 0.000537 ± 
0.0000464 
0.014 0.000529 ± 
0.0000476 
0.52 




0.04 0.000499 ± 
0.0000444 
1.000 0.000515 ± 
0.0000645 
1.000 




<0.001 0.000518 ± 
0.0000531 
1.000 0.000552 ± 
0.0000376 
0.014 




0.003 0.000523 ± 
0.000043 
0.287 0.000517 ± 
0.0000536 
1.000 




<0.001 0.000609 ± 
0.000056 
0.001 0.000624 ± 
0.0000523 
0.003 




<0.001 0.000584 ± 
0.0000468 













While analyzing fornix and CC AD values, we also observed significant differences between patient`s 
and control groups, F (6, 426) = 5.26, Wilks` lambda = 0.88, p<0.001, partial eta squared = 0.07. When 
analyzed separately, we found decreased AD values in the corpus callosum and fornix of both the 
refractory and fluctuating groups, but not in the seizure-free group (Table 6). 
The bilateral tracts analyses revealed significant differences between tracts, Wilks` lambda = 0.52, F (4, 
175) = 41.11, p<0.001, partial eta squared = 0.48; and in the interaction between tracts and groups, Wilks` 
lambda = 0.87, F (12, 463.298) = 2.02, p = 0.02, partial eta squared = 0.04. Separated analyses presented 
reduced AD values in the refractory group for the uncinate tract (p<0.001) and in the seizure-free group 
for the cortical-spinal tract (p=0.013) (Table 6). 
We observed the interaction between groups, tracts and laterality even though it was not statistically 
significant, Wilks’s Lambda=0.91, F (12, 465.944) = 1.45, p=0.14, partial eta squared=0.03. The refractory 
group showed lower AD values for the ipsilateral uncinate (p=0.001) tract and contralateral cingulum 
(p=0.03) tract. The fluctuating and seizure-free groups had no tracts with statistically significant reduced 





Table 6. AD values by group (mean and SD) 
 Controls Refractory p Fluctuating p Seizure-
Free 
p 




0.012 0.00165 ± 
0.0000995 
<0.001 0.00163 ± 
0.0000992 
0.181 




0.008 0.00218 ± 
0.0002033 
0.007 0.00211 ± 
0.0002049 
1.000 




1.000 0.00122 ± 
0.0000555 
1.000 0.00122 ± 
0.0000601 
0.217 




1.000 0.00124 ± 
0.0000723 
1.000 0.00127 ± 
0.0000783 
0.069 




1.000 0.00122 ± 
0.000127 
1.000 0.00128 ± 
0.0001545 
0.329 




0.029 0.00121 ± 
0.0001521 
1.000 0.00117 ± 
0.0001667 
0.47 




0.122 0.00119 ± 
0.0000748 
1.000 0.00118 ± 
0.0000574 
1.000 




1.000 0.00123 ± 
0.0000692 
0.943 0.00121 ± 
0.0000681 
1.000 




1.000 0.00129 ± 
0.0000595 
1.000 0.0013 ± 
0.0000821 
1.000 




1.000 0.00129 ± 
0.0000586 
1.000 0.00129 ± 
0.0000544 
1.000 




0.001 0.0012 ± 
0.0000636 
0.955 0.00121 ± 
0.0000342 
0.753 




0.168 0.0012 ± 
0.0000543 










Table 6b. AD values by group (mean and SD) 
 Controls Refractory p Fluctuating p Seizure-Free p 




1.000 0.00123 ± 
0.00000976 
1.000 0.00127 ± 
0.0000145 
0.013 




1.000 0.00122 ± 
0.0000187 
1.000 0.00122 ± 
0.0000277 
1.000 




1.000 0.00121 ± 
0.0000113 
1.000 0.00119 ± 
0.0000168 
1.000 




1.000 0.00129 ± 
0.0000131 
1.000 0.00129 ± 
0.0000194 
1.000 




<0.001 0.0012 ± 
0.000012 















SBM analyses – clinical data 
 
 
Median age was 47 years old in the control group and 50, 51 and 51.5 years old in the patients’ groups 
respectively. There were more females overall in all groups (63.7% in the control group and 51% in the 
patients’ groups). We did not find significant differences in age (p=0.06) and sex (x2=1.03, df=3, 
p=0.79) distribution between the individual groups. 
The median age of onset was 9, 9.5 and 10 years old in the refractory, fluctuating and seizure-free 
groups. Median epilepsy duration was 43, 38 and 35.5 years respectively. We did not find any 
significant difference in age of onset (p=0.46) or epilepsy duration (p=0.33). About 47.7% of patients 
had a positive family history for epilepsy and 14% had history of febrile seizures. We found no 
significant differences between groups for family history (x2=0.07, df=2, p=0.97) and febrile seizures 







SBM analyses – Cortical Thickness 
 
 
SBM analyses revealed extensive areas of reduced cortical thickness in the refractory group in both 
hemispheres. The most statistically significant clusters of abnormalities were found in the parietal and 
frontal lobes bilaterally: bilateral superior parietal lobule, left postcentral and precentral gyrus, right 
precuneus and right inferior and middle frontal gyrus. Less significant clusters were seemed in the left 
temporal lobe (Table 7).  
 
 






Table 7. Regions of reduced cortical thickness in the refractory group 
Cluster Cluster Peak Peak Peak Coordinate
s 
Location 
p(FDR-corr) equivk p(FDR-corr) T Equiv 
Z 
x,y,z {mm} Atlas (Neuromorphometrics) 
0 7719 0 6.86 6.66 -25  -54  64 Left Superior Parietal Lobule 
 0 6.19 6.05 -34  -30  64 Left Postcentral and Precentral gyrus 
0.001 5.96 5.82 -42  -22  40 Left Postcentral and Precentral gyrus 
0 7067 0 6.76 6.57 18  -73  46 Right Superior Parietal Lobule and Precuneus 
 0 6.52 6.34 26  -55  51 Right Superior Parietal Lobule 
0 6.3 6.14 15  -60  65 Right Superior Parietal Lobule and Precuneus 
0.048 139 0.018 5.02 4.94 45   39  -0 Right Inferior Frontal gyrus (pars triangularis) and Middle 
Frontal gyrus 
 0.586 3.93 3.89 45   45 -12 Right Lateral Orbital Gyrus and Inferior Frontal Gyrus (pars 
orbitalis) 
0.001 256 0.026 4.9 4.83 -53  -56   6 Left Middle Temporal Gyrus 
 0.079 4.59 4.52 -63  -42  -4 Left Middle Temporal Gyrus 
0.099 4.52 4.46 -63  -24 -12 Left Middle Temporal Gyrus 
0 557 0.029 4.86 4.79 -46  -26   9 Left Transverse Temporal Gyrus and Planum Temporale 
 0.047 4.73 4.66 -56  -47  24 Left Supramarginal Gyrus and Superior Temporal Gyrus 
0.074 4.61 4.54 -56  -37  13 Left Planum Temporale and Superior Temporal Gyrus 
0.009 193 0.224 4.28 4.23 -60   -1  -5 Left Superior Temporal Gyrus and Planum Temporale 
 0.271 4.22 4.17 -52    1  -7 Left Planum Temporale and Temporal Pole 





The fluctuating group revealed regions of reduced cortical thickness at the left superior parietal lobule. The seizure-free group did not 
present any areas of reduced cortical thickness in this analysis. 
 
Table 8.  Regions of reduced cortical thickness in the fluctuating group 
Cluster Cluster Peak Peak Peak Coordinates Location 
p(FDR-corr) equivk p(FDR-corr) T Equiv Z x,y,z {mm} Atlas (Neuromorphometrics) 
0 321 0.093 4.98 4.9 -24 -53 62 Left Superior Parietal Lobule 
 0.667 4.25 4.19 -16 -70 48 Left Superior Parietal Lobule 









SBM analyses – fractal dimension 
 
 
We did not observe any statistically significant areas of reduced fractal dimension in any of the patient’s 
groups when correction to multiple comparisons is applied. We observed multiple clusters of increased 
(blue) and reduced (red) fractal dimension scattered around all lobes when using p<0.05, uncorrected. 
These findings could be seen for all patient groups although in different patterns. 
 
 



















SBM analyses - gyrification 
We observed reduced gyrification in the posterior insula bilaterally, left transverse temporal gyrus and right central operculum in the 
refractory group (Table 9).  
Table 9. Regions of reduced gyrification in the refractory group 







x,y,z {mm} Atlas (Neuromorphometrics) 
0 243 0.001 5.62 5.5 -39 -15   5 Left Posterior Insula and Transverse Temporal Gyrus 










In the fluctuating group, only the left posterior insula and left transverse temporal gyrus regions showed significant gyrification 
decrease (Table 10). No areas of reduced or increased gyrification were found in the seizure-free group. 
 
Table 10. Regions of reduced gyrification in the fluctuating group 





T Equiv Z x,y,z {mm} Atlas (Neuromorphometrics) 
0 141 0.007 5.01 4.93 -39 -16   5 Left Posterior Insula and Transverse Temporal Gyrus 
 
 




SBM analyses – sulcal depth 
 
The refractory group showed regions of increased sulcal depth in the cingulate gyrus bilaterally (Table 11). 
 
Table 11. Regions of increased sulcal depth in the refractory group 
Cluster Cluster Peak Peak Peak Coordinates Location 
p(FDR-corr) equivk p(FDR-
corr) 
T Equiv Z x,y,z {mm} Atlas (Neuromorphometrics) 
0.002 171 0.039 5 4.92 4  24 26 Right Anterior and Middle Cingulate Gyrus 
 0.039 4.88 4.8 4   9 37 Right and Left Middle Cingulate Gyrus 
 
 




In the fluctuating group, we found reduced sulcal depth in the left anterior insula posterior orbital gyrus, entorhinal area, amygdala and 
hippocampus (Table 12). Increased sulcal depth was also observed in the group in the middle and anterior cingulate gyrus bilaterally 
(Table 13). The seizure-free group did not present any significant sulcal depth abnormality. 
 
Table 12. Regions of reduced sulcal depth in the fluctuating group 
Cluster Cluster Peak Peak Peak Coordinate
s 
Location 





<0.001 230 0.351 4.39 4.33 -34  10 -15 Left Anterior Insula and Posterior Orbital Gyrus 
 0.946 4 3.96 -29  25  -8 Left Anterior Insula and Posterior Orbital Gyrus 
0.946 3.9 3.86 -30  -3 -23 Left Entorhinal Area, Amygdala and Hippocampus 
 
 







Table 13. Regions of increased sulcal depth in the fluctuating group 
Cluster Cluster Peak Peak Peak Coordinates Location 
p(FDR-corr) equivk p(FDR-
corr) 
T Equiv Z x,y,z {mm} Atlas (Neuromorphometrics) 
0.006 142 0.167 4.66 4.59 4  11 36 Right and Left Middle Cingulate Gyrus 
 0.168 4.49 4.43 5  26 22 Right and Left Anterior Cingulate Gyrus 
 
 





RS-fMRI – clinical data 
 
Mean age in the control, refractory and seizure-free groups are 49, 50 and 49 years old respectively. 
There were more females in all groups: 71% of control group, 59.6% of refractory group and 53% of the 
seizure-free group. The groups were balanced for age (p=0.832) and sex (p=0.24). 
 
RS-fMRI – ROI-to-ROI analyses 
 
We found reduced connectivity between the refractory and control groups 10 of the 12 networks 
analyzed (p<0.05, FDR corrected).  The hippocampus ipsilateral to the lesion was the ROI (n8r5) most 
involved in inter- and intra-connectivity. We did not observe excessive connectivity in patients. The 
analysis of seizure-free group did not survive the correction for multiple comparisons with FDR. 
 







Diffusion Tensor Imaging Analyses 
Overall, refractory patients presented a greater amount of white fibers integrity loss than the other two 
groups. Among the affected tracts, CC was the tract most commonly affected while CST was the most 
preserved. In regards to individual parameters, MD was the one most likely to be significantly altered in 
all groups while AD was the least. 
FA in refractory patients was found to be reduced in all tracts but the CST bilaterally, the CG and ARC 
ipsilaterally and the UNC contralaterally. The fluctuating group only showed reduced FA in the CC, 
contralateral CG and ipsilateral UNC. Seizure-free patients, on the other hand, only had reduced FA in 
CC. 
MD was increased in all tracts but CST bilaterally, CG and ARC ipsilaterally and UNC contralaterally 
in the refractory group. The fluctuating group only had increased MD in CC, FX, contralateral CG and 
ipsilateral UNC and ARC. The seizure-free group showed increased MD in CC, FX, contralateral CST 
and ipsilateral IFO and UNC. 
In regards to RD, refractory patients showed increased RD in all analyzed tracts but bilateral CST and 
ipsilateral CG. The fluctuating group had increased MD in CC, FX and the ipsilateral UNC and ARC 
tracts. The seizure-free group showed increased MD in the CC, FX and ipsilateral IFO and UNC tracts. 
As stated in the introductory section, there is a great variability in terms of methodology used for the 
analysis of DTI parameters in TLE. These include variations in patient selection, analysis type (voxel-
wise or ROI based), analyzed tracts and thresholds chosen. Consequently, comparisons between studies 
require caution and attention to these differences. 
In a meta-analysis performed by Otte et al50, the authors analyzed the data of 13 DTI studies published 
between 2002 and 2011. Those selected MTLE patients with unilateral only seizures, normal MRI or 
with signs of unilateral HS and with an ROI methodology which included FA and MD data. 
Unfortunately, data regarding seizure control was absent in many of these studies or patients with 
different patterns (seizure-free and refractory) were clustered into the same group. Nevertheless, the 
analysis showed a significant FA decrease in bilateral CC, CG, external capsule and UF and MD 
increase in bilateral CC, CG, inferior longitudinal fasciculus and UNC, both in the patient’s group. 





prominent in patients with the worse seizure pattern. Additionally, they demonstrate the greater 
resilience of the CST tracts in MTLE, which was also observed in our group of patients. However, the 
analysis showed no FA or MD abnormalities of the FX, which was present in our sample group. This 
difference may be due to the fact that the studies mixed a wide variety of patients with different seizure-
control, what could make these changes less prominent in the analysis of mixed individuals in the group. 
Yogarajah et al55 tried to address the matter of WM plasticity post-anterior temporal resection in TLE 
patients. In their study, they compared FA maps before and after surgery with the TBSS methodology. 
They found a reduction of FA in the dorsolateral networks and an increase in WM FA that seemed to 
involve the external capsule, the superior and inferior frontal gyrus and the posterior cingulate gyrus 
ipsilaterally to the resection. It was hypothesized in the paper that the observed increase in FA could 
represent a compensatory mechanism due to the loss of anterior temporal structures. This paper 
demonstrates that long-term dynamic WM integrity changes do occur but it does not yet answer the 
question if WM recovery happens after seizure-freedom is achieved. 
In a more recent study by Liu at al,52 HS and non-lesional TLE patients had 14 tracts analyzed by DTI. 
The study showed a more widespread pattern of WM changes in the HS group, including the CC, FX, 
CG, UNC, CST and IFO tracts. These results are compatible with our data of refractory patients with 
exception of the CST involvement. Together, they emphasize the fact the HS is a distinct pathology 
which is associated with larger range of structural damage than non-lesional TLE. 
Labate et al51 analyzed the differences of temporal WM integrity in refractory and benign TLE patients 
in a voxel-wise DTI study. They found a significant and bilateral reduction in FA and an increase in 
ipsilateral MD only in refractory patients. This data is in accordance with our own findings in which 
seizure-free patients showed a better pattern of WM changes than the other control groups. 
In a pre- and post-surgical comparison of the FA and MD values of the fornix, Liu et al54 found an acute 
decrease in FA and MD in six HS-TLE patients submitted to temporal resections. This small study 
shows that it is possible to detect changes to WM integrity over time duo to surgery. However, it does 
not address the matter of WM integrity recovery post-achievement of seizure-freedom. Consequently, it 
remains unclear whether the less altered profile seen in our seizure-free group is the result of good long-





In a previous study also performed in UNICAMP, Campos et al53 compared FA, RD and AD maps of 
patients with HS-TLE patients, non-lesional TLE patients and FCD patients with seizures arising from 
the frontal lobe. In this analysis, FA of HS-TLE patients was reduced and MD increased in the body of 
the FX, IFO, UNC and body of CG, while no AD abnormalities were found in these same tracts. The 
non-lesional TLE group only showed alterations in the body of CG and frontal FCD patients had normal 
parameters in all tracts. This previous analysis which did not separate patients according to seizure 
control status, showed a similar profile between our refractory patients and the HS-TLE group. This fact 
is most probably a reflection of the greater prevalence of patients with uncontrolled seizures in tertiary 
centers. 
Kreilkamp et al92 analyzed the superior and inferior longitudinal fasciculus, CG and UNC tracts in 64 
unilateral TLE-HS patients with automated tractography. They found a decrease in FA in all tracts with 
exception of the ipsilateral superior longitudinal fasciculus in left-TLE patients and in all ipsilateral 
tracts and in contralateral UNC and CG in right-TLE patients. MD was decreased in all tracts in both 
groups with exception of the ipsilateral superior longitudinal fasciculus of right-TLE patients. These 
results not only demonstrate the compromise of UNC and CG also seen in our refractory and fluctuating 
patients, but also show that MD is more frequently affected than FA in this pathology like in our data. 
Lyra et al93 analyzed five segments of CC using DTI in a distinct sample of Brazilian patients affected 
by unilateral HS-TLE. They observed reduced FA as well as increased MD and RD in three of the five 
segments. Once again, this study shows that the CC is a primary target of WM integrity loss in HS-TLE, 
which was the most common finding in all of our patient groups. 
Sanches et al94 performed a voxel-wise DTI analysis of Brazilian patients with refractory HS-TLE in 
which they used two distinct methodologies: SPM12 and TBSS followed by specific tract analysis 
(TSA). In SPM12 whole-brain analysis with mixed left and right-TLE patients, results showed reduced 
FA in the left temporal lobe (including UNC and IFO tracts) and increased MD, RD and AD in the right 
parahippocampal gyrus. TBSS analysis of the same group revealed reduced FA in the left temporal lobe 
(including IFO), increased AD in the left superior temporal gyrus (including IFO, UNC and inferior 
longitudinal fasciculus), increased RD in the left temporal lobe (including IFO and inferior longitudinal 
fasciculus) and increased MD in the right uncus. The authors observed that SPM12 whole-brain analysis 
showed more restricted results than TBSS and that abnormalities were more common in the left 





refractory patients’ group, by two different methodologies. The lack of mention of involvement of other 
tracts like CC and FX in this study is probably duo to its emphasis in abnormalities restricted to the 
temporal lobe. 
In Rodríguez-Cruces et al95 TBSS analysis of TLE patients, it was observed a multilobar FA reduction 
which was more prominent in right-TLE. This unexpected result, however, was probably influenced by 
the fact the right-TLE group had a larger proportion of HS patients. The study also analyzed the 
correlation between the FA abnormalities and cognitive assessment and found that the corona radiata, 
internal and external capsule and IFO were the tracts that most correlated with the left-TLE patients’ 
data while corona radiata, internal capsule and UNC were the most correlated with right-TLE scores. As 
in our refractory group, this study found a more widespread range of abnormalities and also 
demonstrated the importance of pathology (HS) in the structural deficit of the brain. 
In an analysis which separated right and left HS-TLE patients performed by Correa et al,96 a large 
widespread but slightly distinct pattern of abnormalities was found using TBSS. Right TLE patients 
showed FA reduction in the right hippocampus, CC, FX, bilateral inferior longitudinal fasciculus, 
external capsule, IFO, CG, internal capsule (including CST) and UNC tracts as well as in the left 
cerebellar hemisphere. Left TLE patients showed FA reduction in the left hippocampus, CC, FX and 
bilateral inferior longitudinal fascicule, external capsule, internal and external capsule and UNC tracts as 
well as in both cerebellar hemispheres. These findings are once again mostly compatible with the 
abnormalities of our refractory group, but also show that both right and left HS-TLE patients can have 
bilateral WM lesion even though it is usually more prominent in left-TLE. 
Li et al97 analyzed the evolution of FA values of 10 TLE patients (including non-lesional and HS 
patients) by comparing DTI maps in five time points before and after epilepsy surgery. In the pre-
surgical MRI, patients showed reduced FA manly in internal capsule, CC, inferior longitudinal 
fasciculus, corona radiata and optic radiation. After the resection, patients evolved within 5 different 
patterns of in which FA in different tracts showed decrease, increase or even decrease with posterior 
increase. In the study, some patients showed stability of FA values after three months while others only 
attained it after 24 months. Once again, this paper demonstrates that dynamic changes in FA values 






In summary, the current conjecture allows us to infer that TLE patients present a series of WM integrity 
abnormalities that seem to preferentially affect certain tracts. Among the tracts analyzed by previous 
studies and our own data, the CC, FX, CG, IFO and UNC are more frequently involved while CST is 
most commonly spared in TLE. Additionally, many studies have also reported abnormal FA and MD 
values in the external capsule and inferior longitudinal fasciculus. The reported abnormalities also seem 
to be commonly bilateral, even though being more frequent in the side ipsilateral to the seizures. The 
pattern described above seems to better reflect the anatomical connections of the mesial temporal 
regions instead of the regional proximity to the seizure-originating zone. Such pattern suggests tracts 
that are part of the preferential propagation pathways of focal mesial temporal seizures are more 
susceptible to structural lesion than those less directly related to these networks. 
Since our study separated patients in groups according to seizure control, it also allows us to infer that 
refractory patients show a wider range of WM abnormalities than other seizure control groups. 
Nonetheless, seizure-free and fluctuating patients also have WM integrity loss, which is more prominent 
in CC, once again reinforcing the fact that certain tracts are preferentially affected in TLE. 
Unfortunately, due to the lack of long-term prospective studies, it is not possible to conclude if the 
differences observed between groups are secondary to a sustained better or worse seizure outcome, or 
merely reflect the structural profile of patients who tend to develop refractory or well-controlled 
epilepsy. 
In conclusion, refractory HS-TLE patients show more WM integrity loss than fluctuating and seizure 
free patients. However, prospective DTI studies which consider different seizure control patterns are still 
necessary to evaluate if non-controlled seizures may cause progressive WM damage. Moreover, they are 
also necessary to evaluate if WM recovery is possible if seizure control is properly achieved. 
 
Surface-Based Analyses 
Overall, the refractory group showed most abnormalities between all patients’ groups. While cortical 
thickness was the parameter that revealed most differences between patients’ and control groups; fractal 





The refractory group showed extensive reduced areas of cortical thickness with the most significant 
clusters in the parietal and frontal lobes. Conversely, the fluctuating group presented reduced cortical 
thickness only in the left superior parietal lobule. 
Gyrification was found to be reduced in the refractory group manly in the insula region bilaterally. The 
fluctuating group, however, showed decreased gyrification only in the left insula. 
Sulcal depth was increased in both cingulate gyri in both the refractory and fluctuating group. 
Additionally, the fluctuating group also presented areas of decreased sulcal depth in the left insula, 
entorhinal area, amygdala and hippocampus. 
The seizure-free group did not present any regions of statistically significant differences in any of the 
parameters in comparison with the control group. 
Very few studies have tried to analyze epilepsy patients through SBM methodology. Those have mostly 
approached cortical thickness abnormalities with either the CAT12 or FreeSurfer software. We could not 
find so far papers which regarded gyrification, sulcal depth and fractal dimension abnormalities. 
Among the studies that evaluated cortical thickness with FreeSurfer, the multicenter ENIGMA-Epilepsy 
consortium is the one with the largest sample size.62 It included the MRI scans of 754 HS-TLE patients 
of which 191 were from UNICAMP’s outpatient clinic. The study showed different patterns of cortical 
thinning for right and left TLE, which included motor regions and areas in the frontal and temporal lobes 
bilaterally. The more extensive and bilateral cortical thinning pattern observed in the left-TLE is very 
similar with the one found in our refractory group, which included both right and left HS-TLE patients. 
A study by Galovic et al64 which evaluated progressive cortical thinning in left and right HS-TLE 
patients. It reported a progressive reduction of cortical thickness of many areas in the temporal, parietal 
and occipital lobes in both groups. These findings are also compatible with our refractory group, even 
though the patients included in this study had a wide range of seizure control patterns, including 
refractory and seizure free individuals. 
Benhardt et al65 published a study with both a cross-sectional and a longitudinal branch, which evaluated 
the cortical thickness of HS-TLE patients. The cross-sectional branch showed that the patient’s group 





cortices. These regions are once again compatible with areas found in our refractory group, which 
probably better represents, the sample of tertiary centers. 
Labate et al66 analyzed the cortical thickness of benign HS-TLE and non-lesional patients in a study. 
Their data showed that HS-TLE patients had extensive cortical thinning which affected all lobes and 
which was more prominent in the sensorimotor cortex bilaterally. On the other hand, our seizure-free 
patients showed no cortical thinning. These contrasting results could be due to differences in 
methodology, including the patient’s inclusion criteria used. Labate et al considered as benign patients 
that had been seizure free for at least a year at the time of the scanning. Most of our seizure-free group, 
however, had achieved that seizure freedom for many years when submitted to the MRI. 
In summary, most published studies analyzed only the cortical thickness of TLE patients followed by 
tertiary centers. Their findings generally showed extensive areas of cortical thinning involving manly the 
frontal, temporal and parietal lobes. These results are similar to our refractory group, which is probably 
the most similar to these studies’ samples. Unfortunately, we could not find studies with similar 
fluctuating and seizure-free group compositions as our own. 
Our data suggest that refractory HS-TLE patients have extensive cortical thinning which is more 
prominent in parietal and frontal lobes. On the other hand, the fluctuating and seizure-free groups had 
respectively very discreet and none alterations. These differences allow us to infer an association 
between GM lesion and seizure control. However, it still remains unclear if these abnormalities are 
secondary to seizures and more longitudinal studies with different seizure control groups are necessary 
to assess this hypothesis. 
Additionally, the group differences demonstrated in the other SBM parameters (gyrification, fractal 
dimension and sulcal depth) also suggest an association between cortical surface abnormalities and 
seizure control. However, longitudinal studies are once again necessary to evaluate if those 







Our RS-fMRI analysis demonstrated reduced functional connectivity in most analyzed networks of both 
seizure-free and seizure-refractory groups. However, only the seizure-refractory group abnormalities in 
ten networks survived correction for multiple comparisons (FDR). In this more restrictive threshold, the 
ipsilateral hippocampus seems to act as a hub of abnormal functional connectivity. 
A previous study also developed in UNICAMP’s epilepsy center by Campos et al91 evaluated the 
differences in functional connectivity abnormalities between right and left TLE-HS patients using the 
same methodology. In this analysis, right TLE patients showed reduced connectivity in three networks 
(dorsal and ventral DMN and posterior salience) while left TLE patients presented abnormalities in four 
networks (dorsal and ventral DMN, posterior salience and visuospatial). In both groups, the ipsilateral 
hippocampus was identified as a hub of reduced connectivity manly in its connections within the ventral 
and dorsal DMN and posterior salience. 
In comparison with our current data, our seizure-refractory group showed a larger number of 
compromised networks (anterior and posterior salience, basal ganglia, dorsal and ventral DMN, 
ipsilateral and contralateral ECN, auditory, visuospatial and language networks) than either the left or 
right TLE groups. This more widespread pattern may be due to the fact that the seizure-refractory 
included both right and left HS patients. Moreover, the ipsilateral hippocampus was also identified as a 
main hub of reduced connectivity in these refractory patients. 
RS-fMRI studies in MTLE from other research groups have focused manly in hippocampal and/or DMN 
connectivity using a plethora of methodologies. Moreover, most studies have included patients with 
distinctive pathological MRI findings (non-lesional and HS). Consequently, results comparisons with 
our and other studies data has to be done with these caveats in mind. 
Zhang et al74-75 identified reduced functional connectivity in the dorsal attention, visual and auditory 
networks as well as in the DMN in a group of TLE patients using ICA. They also evaluated the 
sensorimotor network but found no abnormalities. These findings are compatible with our own data with 
exception of the presence of reduced connectivity in the dorsal attention network (labeled as part of the 
Visuospatial/Dorsal attention network in our analysis). This conflicting data could be due to 
methodological differences since the network regions were defined by ICA in their work while our 





In Pereira et al76 seed-based analysis of hippocampal connectivity, the group observed more prominent 
connectivity abnormalities when the seed was placed in the ipsilateral hippocampus. Moreover, left TLE 
showed a more widespread pattern of reduced connectivity, probably due to the left hippocampus more 
extensive connections. These results are also in accordance with our findings in the sense that the 
ipsilateral hippocampus is an important hub of reduced connectivity. 
Haneef et al80 performed a seed-based evaluation of right and left TLE with seeds placed in anterior 
(prefrontal cortex) and posterior (precuneous) components of the DMN. They found that the precuneous 
seed region showed decreased connectivity with the anterior components of DMN in both left and right 
TLE. Only the left TLE group showed reduced connectivity between the prefrontal seed region and 
posterior components of the DMN. A distinction probably due to the left hippocampus more extensive 
connections. The same group also found a more extensive range of connectivity abnormalities in left 
TLE (occipital pole, calcarine, lingual, precuneous, sensorimotor cortices, parts of insula and frontal 
lobes) when analyzing hippocampal connectivity with a seed-based approach.81 Even though our study 
did not separate left and right TLE patients, the broad DMN and hippocampal functional connectivity 
dysfunction is compatible with our data which includes ROIs in the regions described. 
Pittau et al82 analyzed 23 TLE patients with a seed-based approach and seeds in the hippocampi and 
amygdala. They found more connectivity abnormalities in the ipsilateral hippocampus than in the seeds, 
which included the contralateral temporal lobe and the DMN. These findings are compatible with our 
data and reinforce the idea that the ipsilateral hippocampal acts as a hub of reduced connectivity in TLE. 
Voets et al83 analyzed the RS-fMRI/DTI images of 35 TLE patients using the ICA method. They also 
found reduced connectivity between the ipsilateral hippocampus and the DMN and other specific 
regions (left temporal cortex, frontal cortex and sensorimotor network). Apart from the sensorimotor 
network findings, their data is also compatible with our own. Once again, these differences in results 
may be due to differences in methodology as seen in Zhang et al. 
James et al84 also performed a ROI-to-ROI analysis which included 10 seeds placed over components of 
the DMN. They found reduced connectivity between the posterior cingulate cortex and both 





TLE. Our data also showed reduced connectivity between the posterior cingulate cortex and both 
hippocampi, but since we analyzed right and left TLE patients as a group we can not evaluate if these 
distinctive patterns are also present in our sample. 
Doucet et al85 also observed a more extensive range of abnormalities with an ipsilateral hippocampal 
seed when analyzing 21 unilateral HS-TLE patients. The patterns of reduced connectivity were different 
for right and left TLE but both included DMN components. Their study show that the ipsilateral 
hippocampus is a hub of abnormal connectivity also in HS-TLE patients which is a more similar sample 
to our own. 
Macotta et al86 performed the analyzes of 32 TLE patients’ images using both ROI-to-ROI and seed-
based methodology. Seeds were placed in bilateral hippocampus, parahippocampus, amygdala, fusiform 
gyrus, insula and inferior, middle and superior temporal gyri and showed reduced connectivity between 
the mesial temporal ROI’s and their contralateral counterparts and other ipsilateral temporal structures. 
Our data also showed reduced connectivity between the hippocampus and other medial temporal ROIs. 
In summary, current literature data allow us to infer that MTLE patients can also present an extensive 
range of abnormal functional connectivity patterns. These seem to depend on the side of seizure onset 
and involve multiple RS networks, in special those whose components have hippocampal connections. 
Additionally, it is possible to affirm that left TLE patients show more a more widespread and bilateral 
pattern of reduced connectivity. Moreover, the ipsilateral hippocampus seems to act as an important hub 
of abnormal connectivity independently of the underlying pathology. 
Unfortunately, we could not find other studies that also evaluated RS-fMRI in TLE with separate seizure 
control groups. Nonetheless, our own data suggest that refractory patients and those with active epilepsy 







Our DTI and SBM analyses allow us to conclude that TLE-HS patients with uncontrolled seizures 
present more grey and white matter structural abnormalities than seizure-free patients. 
Analyses of RS-fMRI data showed that patients with more recent seizures present more reduced 
connectivity abnormalities than seizure-free patients. 
Structural neuroimaging modalities seem to better reflect chronic brain damage while fMRI is a better 
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